Abstract
Within-host models are useful tools for understanding the processes regulating viral load 29 dynamics. While existing models have considered a wide range of within-host processes, at their 30 core these models have shown remarkable structural similarity. Specifically, the structure of 31 these models generally consider target cells to be either uninfected or infected, with the 32 possibility of accommodating further resolution (for example, cells that are refractory to infection 33 and cells that are in an eclipse phase). Recent findings, however, indicate that cellular coinfection 34 is the norm rather than the exception for many viral infectious diseases, and that cells with high 35 multiplicity of infection are present over at least some duration of an infection. The reality of 36 these cellular coinfection dynamics is not accommodated in current within-host models although 37 it may be critical for understanding within-host dynamics. This is particularly the case if 38 multiplicity of infection impacts infected cell phenotypes such as their death rate and their viral 39 production rates. Here, we present a new class of within-host disease models that allow for 40 cellular coinfection in a scalable manner by retaining the low-dimensionality that is a desirable 41 feature of many current within-host models. The models we propose adopt the general structure 42 of epidemiological 'macroparasite' models that allow hosts to be variably infected by parasites 43 such as nematodes and host phenotypes to flexibly depend on parasite burden. Specifically, our 44 within-host models consider target cells as 'hosts' and viral particles as 'macroparasites', and 45 allow viral output and infected cell lifespans, among other phenotypes, to depend on a cell's 46 multiplicity of infection. We show with an application to influenza that these models can be 47 statistically fit to viral load and other within-host data, that they can reproduce notable features 48 of within-host viral dynamics, and that important in vivo quantities such as the mean multiplicity 49 of cellular infection can be easily quantified with these models once parameterized. The within-50 host model structure we develop here provides an alternative approach for modeling within-host 51 viral load dynamics and allows for a new class of questions to be addressed that consider the 52
Introduction

56
In part through the development and analysis of mathematical models, the processes driving the 57 within-host dynamics of viral infections have been increasingly well understood over the last two 58 decades. Statistical fitting of models to within-host data such as viral load measurements and 59 immune response data have yielded estimates of within-host basic reproduction numbers for 60 various viral pathogens, including HIV [1] , influenza [2-4], measles [5] , and dengue [6, 7] . These 61 fits have further characterized the roles of the innate immune response [2, 3, 7] , and, particularly 62 in secondary infections, the adaptive immune response [7, 8] of these models to within-host equine influenza data.
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Methods
95
The structure of the within-host viral dynamic models we propose is based on a close analogy to 
The variable H quantifies the total number of target cells, which includes both uninfected and 
where the term provides the probability that a target cell has internalized at least
180 one viral particle. It could also be assumed that the cellular mortality rate is independent of 181 cellular input (as long as there is some input), and equations (1) 
.
(10) = -
185
Under the assumption that virions are internalized independently of a cell's MOI, the dispersion 186 parameter k = ∞ and equations (8)- (9) become:
Defining the number of currently infected target cells as allows one to expand
equation (12) MOI and the probability of cellular interferon production.
251
Results
252
Here, we fit the within-host macroparasite models presented above to empirical within-host 253 data, highlighting biological insight that can be gained from these models that within-host 254 'microparasite' models have difficulty providing. We first fit the target cell limited model given 255 by equations (4), (5), and (7) To estimate model parameters, we used a maximum likelihood approach that further infected cell phenotypes that we expect to be common across individuals. We let parameters , The structure of the within-host models we derived here co-opt the structure of epidemiological 326 'macroparasite' models. Based on empirical data, those models generally assume that host death (Table 1 ) and an estimate of k = 0.30 in the innate immune response model (Table 2 ). This 
